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Summary of data for cores collected at the Dry Tortugas National Park (DRTO), including collection date, site and reef names, location (latitude and longitude), water depth, and core length. 
Introduction
Massive reef-building scleractinian corals have the potential for providing detailed information about past environmental conditions and the response of coral reefs to environmental change. The coral skeletons are composed of calcium carbonate in the form of the mineral aragonite. These corals are long-lived (multicentury), and their skeletons exhibit distinct annual density banding. A couplet of high and low density bands represents 1 year of growth. Some species, such as Montastraea faveolata, form their high density bands during the summer months, and lower density bands are deposited during the rest of the year (Shinn, 1966; Swart and others, 2002) . The annual banding of the skeleton allows precise chronology, coral linear extension rates, and guidance of subannually resolved sampling for geochemical or isotopic analyses.
Changes in the width of annual growth bands, or annual extension rates, of coral skeletons represent one measure of coral growth that can be related to coral health. Coral extension rates are species specific (Buddemeier and others, 1974; Tomascik, 1990; Logan and others, 1994) . Buddemeier and others (1974) measured the extension rates of 47 reef-building corals of 15 different species and found that coral linear extension rates were more influenced by species than any environmental factor. However, studies measuring linear extension rates within individual species indicate that a variety of factors correlate with (and may influence) coral linear extension rates. Correlates of mean annual extension rates include season, rainfall (Buddemeier and others, 1974; Alibert and McCulloch, 1997) , the El Niño Southern Oscillation (ENSO) cycle (Alibert and McCulloch, 1997) , light levels (Bak, and others, 2009) , and location within the reef (Cruz-Pinon and others, 2003) .
A number of studies suggest that temperature may be an important control on linear extension rate variability in corals (Shinn, 1966; Carricart-Ganivet, 2004; De'ath and others, 2009) , but the results of other studies are conflicting. Some studies indicate that linear extension rates in corals decrease as a result of an increase in sea-surface temperature (SST) (Carricart-Ganivet, 2004; Cooper and others, 2008; De'ath and others, 2009) . For example, specimens of genus Porites from the Great Barrier Reef (GBR) experienced a 16 percent decline in extension rates (Cooper and others, 2008) . Extension rates in these Porites specimens decreased 1.02 percent yr -1 from 1988 to 2003 as a result of a rise in SST (Cooper and others, 2008) . Carricart-Ganivet (2004) determined that decreasing trends in linear extension rates are correlated with increasing SST by measuring linear extension rates from Montastraea annularis from six locations across the Gulf of Mexico.
Other studies concluded that linear extension rates increased with increasing SST (Shinn, 1966; Dodge and Lang, 1983) . Dodge and Lang (1983) found that extension rates in M. annularis from the Gulf of Mexico increased with increasing SST. Additionally, some other studies concluded that SST had no significant correlation with coral extension rates (Gladfelter and others, 1978; Bak and others, 2009; Helmle and others, 2011) .
A study was conducted by the U.S. Geological Survey (USGS) to report linear extension rate measurements for several common massive reef building corals in the Dry Tortugas National Park (DRTO), Florida. The study included three species (Siderastraea siderea, Montastraea faveolata, and Diploria Strigosa) of coral collected from the DRTO.
Study Site
The DRTO ( fig. 1 ) is located 112.9 kilometers (km) west of Key West, Florida (http://www. nps.gov/drto/index.htm), the closest inihabited area to the park. The DRTO forms an elliptical atolllike structure that is 27 km along the major axis (southwest-northeast) and 12 km along the minor axis (Davis, 1982) . The three major banks-Pulaski Shoal (northeast), Long Key (south), and Loggerhead Key (west)-are separated by 10-20 meter (m) deep channels. The average water depth of the banks is 2-3 m, and the banks are surrounded by 12-23 m deep lagoons. The Holocene reefs composing the DRTO are situated on the South Florida margin and occupy a transitional zone between the south-and east-facing rimmed margin and the west-facing ramp margin (Mallinson and others, 2003) . The reefs are situated on the Key Largo Limestone platform composed mainly of older (~125 thousand years old) massive coral heads (Hickey and others, 2012 
Materials and Methods

Coral Collection
The DRTO coral cores were collected from Pulaski Shoal and Middle Key, Florida, in August 2008. The cores were collected from live coral heads at water depths ranging from 3.4 to 4.3 m (table 1), using the USGS rotary hydraulic coring system. The equipment used for drilling included a hydraulic-powered submersible drill, a 10-centimeter (cm) diameter by 61-cm long core barrel with a surface set diamond bit and a hydraulic power unit operated from the boat. Corals were drilled along their vertical growth. Following drilling, cores were taken to the USGS Coastal and Marine Science Center in St. Petersburg, Florida, where they were cut into 5 millimeter (mm) thick slabs along their maximum growth axis (Reich and others, 2009; Hickey and others, 2012) . The DRTO slabs were x-rayed at Louisiana State University by an AGFA CR 35-X machine at 55 kiloVolts (kV) for 2.5 milliAmp seconds (mAs). The x-ray images were converted into Adobe Photoshop files with 100 pixel cm -1 resolution.
Linear Extension Rates
Extension rate measurements were made on coral x-ray images using the ruler tool in Adobe Photoshop. Measurements were made along the thecal wall, a part of the skeleton where calcium carbonate is deposited continuously and high and low density bands are distinguished. Linear distance between the tops of successive high density bands was measured. Since the high density bands are formed during the late summer and early fall (Swart and others, 2002) , a coral year does not correspond to a calendar year. For consistency, in comparisons to other parameters, it is assumed that each coral year starts on the 1 st day of September. Eight flat coral slabs from five different DRTO cores from three different species (M. faveolata, S. siderea, and D. strigosa) were analyzed from the DRTO (nomenclature for cores and slabs used in this text is found in table 1). Intracolony replication was performed on two slabs of M. faveolata and S. siderea, and intercolony comparison was done on two different M. faveolata and D. strigosa colonies. In an effort to reduce measuring errors, paths with clear, distinguished high and low density bands were chosen over those with less clear banding. At least three linear extension transects for each year were measured from each DRTO coral slab.
Siderastrea siderea deposits calcium carbonate more evenly throughout the year, causing high and low density bands to be less distinctive than the other two species, proving more difficult to designate a starting and ending point of each density band. Montastraea faveolata polyps tend to have meandering paths that grow at an angle, which appear shorter or longer on the x-ray than they actually are, leading to incorrect measurements. To avoid this discrepancy, paths were measured until meandering started, then another path was chosen for measuring.
The coral density bands on the x-rays were counted backward from 2008 down core for DRTO corals, excluding year 2008 because data for this year were incomplete and lacked high density band formation. In cases where multiple slabs were analyzed for the same core, the results were averaged to form a composite record. Statistical calculations were made using Microsoft Office Excel 2010 by applying standard statistical procedures for average and standard deviation. Correlations between coral linear extension rates and environmental parameters (including SST) were made using standard linear regression with 95 percent confidence interval (α=0.05).
Results and Discussion
Montastraea faveolata had the highest average extension rate and variability of all three species from DRTO. The average linear extension rates of M. faveolata cores ( fig. 2A-D ; C2 = 0.67 cm yr -1 ± 0.04 (n = 69 (number of years)); B3 = 0.85 cm yr -1 ± 0.07 (n = 119)) were within the range (0.38 to 0.98 yr -1 ) for this species for studies throughout the Caribbean (Carricart-Ganivet and others, 2000; Helmle and others, 2011) . For example, average linear extension rates for M. faveolata varied from 0.38 cm yr -1 in Discovery Bay, Jamaica (Dustan, 1975) , to 0.87 cm yr -1 in the Mexican Caribbean Carricart-Ganivet and others, 2000), and 0.91 cm yr -1 to 0.98 cm yr -1 in St. Croix, U.S. Virgin Islands (Baker and Weber, 1975; Dodge and Brass, 1984, respectively) . 
Intracolony correlation between different slabs from the same species (slabs 2 and 4) was high in M. faveolata B3 ( fig. 3A , r = 0.82, df = 44, P < 0.0001), most likely resulting from a combination of genetics (because they are from the same colony; (Oliver, 1968) ) and picking paths with similar coral polyp orientation. Intracolony M. faveolata slabs had a higher correlation than intercolony M. faveolata slabs. Montastaea faveolata cores B3 and C2 had a significant positive correlation with each other (fig. 3 , r = 0.34, df = 67, P = 0.0043), although M. faveolata core B3 had a 25.4 percent higher average extension rate than M. faveolata C2. Both M. faveolata cores B3 and C2 showed a slight negative trend until the late1960s ( fig. 3B ). It is likely that both M. faveolata colonies experienced similar environmental conditions because they were collected from the same reef patch from similar water depths (~3.5 m; table 1).
Siderastraea siderea
Of the three DRTO species, Siderastrea siderea A1 had the lowest extension rates (0.41 cm yr -1 ± 0.03 (n = 119), fig. 2D,E) , approximately 0.3 cm yr -1 less than those determined from S. siderea specimens from Panama (Guzman and Tudhope, 1998) Montastraea faveolata B3 had a significant negative correlation with S. siderea A1 ( fig. 4B , r = -0.20, df = 117, P = 0.0292). Siderastrea siderea A1 had a significant overall positive trend (r = 0.61, df = 119, P < 0.0001) in linear extension rates from 1889 to 2007, while M. faveolata B3 had a signifcant negative trend for the same time interval (r = -0.22, df = 119, P = 0.0153). This suggests that fast-growing M. faveolata reacts differently to similar environmental conditions compared to slowgrowing S. siderea.
Differences in growth strategies among these species may have contributed to their different responses to environmental challenges. For example, a S. siderea from Puerto Rico was found to be tolerant to sedimentation while Montastraea annularis was sensitive to sedimentation (Torres and Morelock, 2002) . This implies that coral species respond differently to similar localized environmental conditions. Although the aforementioned study focused on sedimentation, it is conceivable that different coral species may respond differently to other environmental conditions as well, such as SST. Local environmental factors may cause extension rates to vary, even in corals that live in close proximity to each other (Heiss, 1996) .
Diploria strigosa
The average extension rates (C2: 0.73 cm yr -1 ± 0.04 (n = 54), MK: 0.59 cm yr -1 ± 0.06 (n = 35)) and variability in Diploria strigosa were lower than those of M. faveolata but higher than that of S. siderea ( fig. 2) . D. strigosa C1 had extension rates on average 19.6 percent higher than D. strigosa MK, and no similar trends or correlations were observed between the two D. strigosa cores. X-rays of D. strigosa C1 revealed that the coral had a hyperplasia tumor, typically known to increase coral cell growth leading to abnormally high extension rates (Gateño and others, 2003) , as observed in this core. Diploria strigosa MK extension rates were closer to those found elsewhere in the Caribbean Sea and the Gulf of Mexico, suggesting normal growth (0.25 cm yr -1 to 0.42 cm yr -1 , Logan and others, 1994). Other D. strigosa linear extension rates measured in various locations across the West Atlantic included 0.46-0.59 cm yr -1 in Panama (Guzman and Cortes, 1989) , 0.43-0.46 cm yr -1 in Aruba (Harriot, 1992), 0.35-1.00 cm yr -1 in Bahamas (Hubbard and Scaturo, 1985) , 0.5 cm yr -1 in East Flower Banks (Hudson and others, 1994) , and 0.33 cm yr -1 in Bermuda (Johannes and others, 1983) . The average extension rate of 0.59 cm yr -1 in D. strigosa MK is above regional average but still within the range for the species collected near the Gulf of Mexico.
Environmental Factors
Sea-Surface Temperature
Several studies proposed that SST is a leading cause of extension rate variability in corals (Shinn, 1966; Carricart-Ganivet, 2004; De'ath and others, 2009) . Three temperature data sets were available in proximity to the coral coring locations: local buoy SST (DRYF1 and PLSF1), Key West air temperature, and the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) SST. Local buoy data sets were collected from Coastal Marine Automated Network (C-MAN) stations PLSF1 ( fig. 1; 24.69°N , 82.77°W) and C-MAN DRYF1 ( fig. 1; 24.64°N, 82.86°W ). Both stations are located within the boundaries of DRTO (PLSF1 was located at Pulaski Shoal near the locations of the corals). All buoy values were obtained hourly and were computed into average monthly and mean annual SST values. Five complete years of data were available for annual comparisons, making this record the shortest of all three records available. The local buoys likely produced the most comparable SST records, but the records do not cover the necessary time interval. ICOADS SST data contain observations by ships and buoys and are considered by the National Oceanic and Atmospheric Administration (NOAA) to be one of the most complete and heterogeneous collections of SST (http://icoads.noaa.gov/). ICOADS contains the SST for the past 300 years and is arranged in 2° latitude by 2° longitude boxes prior to 1959 and 1° by 1° since 1960. The grids used in this study were centered on 82°W and 24°N. Gridded SST data sets such as ICOADS are widely used in coral studies (Payet and Agricole, 2006; Vargas-Angel and others, 2006; Guzman and others, 2008) . Lastly, Key West air temperature was recorded daily and sensors were maintained by the National Weather Service (Menne and others, 2011). Air temperature was measured 1.22 m above sea level at the Key West International Airport (station 084570) from 1895 to 2007. The mean annual Key West air temperature record was compared to the linear extension rates to potentially compensate for the increased ICOADS grid size prior to 1960.
Mean annual ICOADS SST correlated significantly with S. siderea A1 linear extension rates ( fig. 5A,B ; r = 0.42, df = 115, P < 0.0001) but not with the extension rates of the other corals. The mean annual Key West air temperature data also correlated significantly with the A1 linear extension rates ( fig. 5B,C ; r = 0.37, df = 111, P < 0.0001). Slow-growing S. siderea produces short yet steady extension rates. The extension rates of the fast-growing M. faveolata and D. strigosa had no significant correlation with annual SST. The DRTO results agree with Helmle and others (2011) who found no correlation between M. faveolata extension rates and SST from Florida Keys. In agreement with other studies, the linear extension rates were species specific ( fig. 2 ; Buddemeier and others, 1974; Tomascik, 1990; Logan and others, 1994) . 
Conclusions
The current study documents linear extension rates for three massive coral species (Montastraea faveolata, Siderastrea siderea, and Diploria strigosa). It can be concluded that extension rates in the Dry Tortugas National Park are species specific as well as colony specific. Montastraea faveolata had the highest linear extension rates (fastest growth) of all three species in DRTO, and S. siderea had the lowest (slowest growth). Intracolony comparisons of both M. faveolata and S. siderea demonstrate that environmental factors influence each polyp within the colony in a similar way. Intercolony comparisons in M. faveolata from DRTO had a significant positive correlation.
Siderastrea siderea and M. faveolata produced long linear extension rate records. DRTO S. siderea A1 had an overall positive trend that correlated significantly with ICOADS SST (centered on 24°N and 82°W) and an air temperature record from Key West, Fla. Both species merit the attention of future studies in the field of climatology for subtropical and tropical oceans. 
